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SUMMARY

The existence of similar folds among major
structural subunits of viral capsids has shown
unexpected evolutionary relationships sug-
gesting common origins irrespective of the cap-
sids’ host life domain. Tailed bacteriophages
are emerging as one such family, and we have
studied the possible existence of the HK97-
like fold in bacteriophage T7. The procapsid
structure at ~10 A resolution was used to obtain
a quasi-atomic model by fitting a homology
model of the T7 capsid protein gp10 that was
based on the atomic structure of the HK97 cap-
sid protein. Anumber of fold similarities, such as
the fitting of domains A and P into the L-shaped
procapsid subunit, are evident between both
viral systems. A different feature is related to
the presence of the amino-terminal domain of
gp10 found at the inner surface of the capsid
that might play an important role in the interac-
tion of capsid and scaffolding proteins.

INTRODUCTION

Due to the availability of a great amount of genetic and bio-
chemical information, bacteriophages are good model
systems for the experimental analysis of macromolecular
assembly. In this context, E. coli-infecting phage T7 has
been widely used for the study of the morphogenetic path-
way of double-stranded DNA phages. Bacteriophage T7
belongs to the Podoviridae family and is the genus repre-
sentative enclosing the related variant previously known
as phage T3. It contains a 40 kb dsDNA genome (Dunn
and Studier, 1983) that codes for the structural proteins
present in the initial self-assembled precursor: the capsid
proteins gp10A and gp10B (obtained from a 10% read-

through of the same gene 10 that codes for gp10A
[Condron et al., 1991]), the scaffolding gp9, the connector
gp8, and the proteins gp14, gp15, and gp16 that built the
T7 family-related specific internal core (Serwer, 1976). The
assembly of this precursor and its sequential maturation
are multistep processes. Once the initial procapsid is
generated, the major terminase subunit, gp19, possibly
arranged as a hexameric ring (Morita et al., 1995), inter-
acts with the pentameric vertex cavity (Agirrezabala
et al., 2005). Then, this prohead-terminase 50S complex
interacts with the DNA that forms a complex with the mi-
nor subunit, gp18, and the unit length genome is encapsi-
dated through the connector channel (Valpuesta and
Carrascosa, 1994; Simpson et al., 2000; Guasch et al.,
2002). This DNA translocation is the only viral morphoge-
netic process driven by ATP hydrolysis (for a review of
DNA packaging, see [Fujisawa and Morita, 1997]). During
maturation, the scaffolding lattice formed by gp9 is disas-
sembled, and the prohead expands irreversibly into
a larger shell. Finally, the tail components (gp11, gp12,
and gp17) are sequentially attached (Matsuo-Kato et al.,
1981; Steven et al., 1988). The final outcome of this matu-
ration process progresses from the viral precursor (the
procapsid) to the final fully infective virion.

The use of cryo-electron microscopy has revealed dif-
ferent viral stages of the morphogenetic pathway (Cerritelli
et al., 2003; Agirrezabala et al., 2005). Although the low
resolution of these studies does not allow for the molecu-
lar details of the different transitions in the maturation of T7
to be drawn, a number of relevant features have been de-
scribed: the thick procapsid shell (~50 ,&) is transformed
into a much thinner shell (25 A), which is accomplished
by a significant rearrangement of the major shell subunit
interactions. The skew arrangement of the procapsid hex-
amers (common to other viruses as P22, lambda, HK97, or
HSV) is transformed into an almost hexagonal array, while
the intercapsomeric distance changes from 110 to 140 A.
Also, the interior of the virion suffers drastic rearrange-
ments: the scaffold is released while the DNA is packaged,
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and the core moves along the five-fold axis of the particle
and inserts into the shell, allowing its interaction with the
tail components (Agirrezabala et al., 2005). In addition,
the central domain of the core also undergoes a transition
that is probably related to the completion of the DNA
packaging.

Despite the fact that the different viral systems present
some singular characteristics (probably involved in spe-
cific stages of each life cycle), many of the features of
the morphogenesis and maturation processes are widely
shared among dsDNA bacteriophages, as well as in her-
pes virus (Ackermann, 1998, 2003; Steven et al., 2005).
Evolutionary relationships have been pointed among all
of these viruses, but the evolutionary divergence of viral
genomes interferes in the detection of presumptive ho-
mologies when studied by common sequence-compari-
son techniques. The bacteriophages infect over 140 bac-
terial genera, and herpes viruses comprise a family of
viruses that infect a wide range of eukaryotic organisms;
thus, it is assumed that features such as host recognition
and attachment are not shared because they are acquired
from each particular host during the specification process
(probably by lateral gene transfer). Nevertheless, it has
been widely documented that general viral features as
the structural components and their basic interactions
that yield the shell architecture, as well as the genome-
packaging mechanism, have a common structural origin
(Bamford et al., 2005). Therefore, although genomes and
sequences have diverged, basic architectural designs
are maintained. Thus, clear detection of structural folds,
and therefore deduction of evolutionary relationships, is
still possible by the combination and integration of bioin-
formatics and structural homology approaches (Zhou
et al.,, 2001). Using this approach, it has been shown
that the three-dimensional maps of bacteriophages P22
(Jiang et al., 2003), 29 (Morais et al., 2005), T4 (Fokine
et al., 2005), HSV-1 (Baker et al., 2005), and Epsilon15
(Jiang et al., 2006) are consistent with their respective ma-
jor shell proteins having a core that is HK97 like (Wikoff
et al., 2000), thus suggesting that they could have evolved
from a common ancestor.

The present study describes the structure of the bacte-
riophage T7 procapsid shell determined at ~10 A resolu-
tion by cryo-electron microscopy (cryo-EM) in which the
signal-to-noise ratio of the reconstruction was maximized
by the use of icosahedral symmetry averaging. The com-
bined use of a novel approach to segment and model an
average subunit from the electron density map, sequence
analysis, and computational homology modeling tools has
allowed us to model secondary structure elements of the
shell subunit. We obtained a quasi-atomic model for
the entire T7 procapsid by fitting a homology model for
the capsid subunit gp10 that was based on the atomic
structure of HK97. The comparison of this model with
the reported prohead structures obtained by cryo-EM
(Conway et al., 1995, 2001; Jiang et al., 2003; Morais
et al., 2003, 2005) illustrates that T7 may likely adopt the
basic HK97-like fold—evidence that the lineage is very
broad. The presence of a novel additional domain is pro-
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posed to also represent a general feature among these vi-
ruses that show both the HK97-like fold and an indepen-
dent scaffolding-based morphogenetic pathway.

RESULTS

Structure of the T7 Procapsid from Cryo-Electron
Microscopy Data

The study of the T7 capsid by using a reconstruction strat-
egy that does not rely on the use of icosahedral symmetry
allowed us to generate a three-dimensional reconstruc-
tion that, besides the icosahedral shell, revealed the mor-
phology of important internal components, such as the
internal scaffold and the core-connector complex (see
Agirrezabala et al., 2005). In an attempt to get a higher-
resolution structure, the cryo-electron images of isolated
procapsids were three-dimensionally reconstructed by
using 60-fold, icosahedral symmetry averaging and by
maximizing the signal-to-noise ratio and therefore the re-
dundancy for averaging, allowing for a high-resolution
analysis of the shell of the viral procapsid structure. Fig-
ure 1 shows the reconstructed procapsid after icosahe-
dral averaging. The resolution of the reconstructed volume
was found to be 9.8-10.9 A (according to FSC 0.3 and 0.5
criterion; see Figure S1 in the Supplemental Data available
with this article online). The general characteristics are
consistent with those described previously at a lower res-
olution: a T = 7L shell with a diameter of ~510 A (Cerritelli
et al., 2003; Agirrezabala et al., 2005). The capsid shows
a very corrugated surface (Figure 1A). The protein gp10
subunits that built the shell are organized into 12 pentam-
ers at the icosahedral five-fold symmetry axes and 60 hex-
amers that close the icosahedral structure. Three of these
hexamers are located on each of the 20 triangular faces of
the icosahedral shell (Figure 1A). Sections of the shell re-
vealed a thick wall (up to 50 A in the wider areas) with an
intricate profile (Figure 1B), resulting in a highly corrugated
inner surface, with cavities underlying the capsomers and
a well-resolved matrix of ridges and crevice-like domains.
The conspicuous inner features were also observed at
lower resolution, where they were called “nubbins” and
were considered as scaffold remnants (Cerritelli et al.,
2003). Based on the fact that these features have an iden-
tical density to the rest of the shell, and that even after sys-
tematic modification of the contour level of the recon-
struction we did not detect any consistent contact
between the scaffold and the shell, we conclude that
these nubbins are in fact part of the shell protein and not
scaffolding remnants.

The structure displays a skew arrangement of the
hexameric capsomers, and holes are visible in their cen-
ters (Figure 1C). The hexamer presents an average diam-
eter of 52 A and an intercapsomeric distance of 110 A.
These features also agree with those described previously
in a lower-resolution analysis (Cerritelli et al., 2003; Agirre-
zabala et al., 2005). The central cavity in the five-fold
symmetric pentamers is only visible at high ¢ values
(above 3o, while that of the hexamers appears at 10)
(Figure 1D).
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Figure 1. Three-Dimensional Reconstruction

(A) Radially colored volume representation of the three-dimensional re-
constructed procapsid. The icosahedral triangular face is indicated.
(B) Plane section of the same view revealing the shell crossprofile.
(C) Enlarged view of the hexamer. The arrow points to hole in the center
of the hexamer.

(D) Enlarged view of the pentamer.

The density has been radially color cued with Chimera (Pettersen et al.,
2004) and displayed at ¢ = 2.5 threshold to enhance the structural fea-
tures of the reconstructed volume.

Subunit Segmentation in the Experimental
Cryo-Electron Microscopy Volumes

The density map of the reconstructed volume at ~10 A
resolution was not sufficient for a clear identification of
secondary structural elements, but it did allow for manual
segmentation of each of the seven subunits in the asym-
metric unit. We employed a novel approach (see Experi-
mental Procedures and Supplemental Data) to iteratively
improve this manual segmentation and to align and aver-
age the symmetrically independent subunits. Each of the
seven subunits, and consequently their average, showed
L-shaped morphology, with a globular domain facing the
external surface of the capsid and a more extended do-
main building the inner capsid surface (Figure 2). (Note

that the subunits are colored in a consistent way through-
out all figures.)

Analysis of the refined orientations of the six hexameric
subunits revealed a pseudo two-fold symmetry for the
hexamer. The main departure from perfect six-fold sym-
metry consists of an out-of-plane tilting of monomers 2
(cyan) and 5 (blue), accompanied by a slight elongation
of the hexameric structure. Nevertheless, the six struc-
tures appear to be very similar, as each monomer in the
hexamer has a correlation coefficient of 0.95 or higher
with the average density of the remaining five monomers.
Calculation of the variance among the six aligned mono-
mers confirmed this high similarity, and it revealed two
small areas with increased variability: one in the domain
on the outer side of the capsid, and one in the domain
on the inner side (see Figure 2C). While the differences
in the inner region may still be related to the segmentation
procedure (as this area is involved in the interaction be-
tween neighboring subunits), those located in the outer re-
gion might be attributed to slight conformational adapta-
tion of each of the subunits to the departures from the
quasi-identical environment derived from the T = 7 ar-
rangement. The structure of the pentameric subunit may
differ more from the hexameric structures, as this subunit
has a significantly lower correlation coefficient of 0.88 with
the average hexameric subunit.

Structural Model of the T7 Head Subunit gp10A
The structural analysis of the capsid proteins of different
viruses reveals surprising relationships. In the case of
some double-stranded DNA bacteriophages, such as
HK97, T4, P22, ¢29, and Epsilon15, a picture is emerging
that suggests the existence of a common fold that builds
the basic subunit of the shell in these viruses (Jiang
et al.,, 2003, 2006; Fokine et al., 2005; Morais et al.,
2005). The overall similarity of the structure of the average
segmented subunit from the T7 procapsid to the HK97
capsid subunit solved by X-ray crystallography (Wikoff
et al.,, 2000; Helgstrand et al., 2003) prompted us to
make a comparison of their amino acid sequences and
secondary structures. Although the T7 shell protein
gp10A has 345 amino acids, and the mature HK97 gp5
has 280 amino acids (after N-terminal maturation cleavage
of its 103 amino-terminal residues), comparison of their
sequences showed significant similarities (24% similarity,
10% identity), as shown in Figure 3. This similarity is sup-
ported by a more complete sequence alignment among
several capsid proteins of viruses belonging to the HK97
and T3/T7 groups (Figure S2), suggesting a close evolu-
tionary relationship among them and a common organiza-
tion of their secondary structure elements. The main dif-
ferences are located in the N-terminal domains of both
groups of viruses, corresponding to the processed do-
main (residues 1-103) of HK97 gp5. We then used the
structure of HK97 gp5 mature protein to obtain a model
for residues Pro76-Glu345 of T7 gp10A by using homol-
ogy-modeling techniques.

Figure 4 shows the three-dimensional structural model
of T7 gp10A based on the structure for the HK97 gp5
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Figure 2. Segmentation and Averaging of the Hexon Subunits
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(A and B) Top and side views, respectively, of the initial, manual segmentation of the six hexon subunits (1-6, colored) into the experimental hexon

density (gray).

(C) Side view of the average density (yellow) and standard deviation (red) of the six aligned and resegmented hexon monomers. The orientation of the
subunit with respect to the capsid surface is indicated (capsid outer and inner surfaces).
(D and E) Top and side views, respectively, of six copies of the aligned average hexon density (colored) into the experimental hexon density (gray).

protein (PDB: 10HG) (Helgstrand et al., 2003), used as
template. Following the nomenclature described for gp5
(Wikoff et al., 2000), the model for gp10 (residues 76-345)
consists of domain A (residues 205-294 and 336-345),
domain P (residues 106-117, 152-205, and 295-335), the
E loop (residues 118-151), and an unstructured N-terminal
arm (residues 76-105). The A domain includes «. helices
H2 and H3 and an additional small 8 sheet. The P domain
contains the long H1 helix as well as an elongated three-
stranded B sheet. The main difference between the homol-
ogy model and its template is the predicted shorter length
of H1 and H2 of gp10A.

Fitting of the gp10 Model into the Averaged T7
Subunit Volume
The homology model for gp10A was fitted into the electron
density of the averaged hexon subunit. The improved sig-
nal-to-noise ratio of this average, the similarity of the dif-
ferent subunits derived either from the hexamer or the
pentamer, and the limited resolution of our map (~10 A)
support the working assumption that the averaged sub-
unit can accommodate the seven quasi-equivalent vari-
ants of gp10A.

After computational fitting of the entire homology
model, it was observed that a hinge movement of ~15°
between domains A and P could better accommodate

the model to the experimental volume. Therefore, a manual
fitting was performed considering domains A (amino acids
202-295 and 337-345) and P (amino acids 100-117, 152-
201, and 296-336) separately. The position of the loop
comprising residues 202-216 required further adjustment
to account for the density in front of H3. Furthermore, the E
loop (@mino acids 118-151) was removed from the model,
as no potential density was observed for it in the averaged
experimental map. Subsequently, the initially positioned
domains A and P were computationally refined for better
fitting by using COLACOR from Situs (Wriggers and Bir-
manns, 2001) and were reconnected, and the entire model
was subjected to energy minimization with Refmac (Mur-
shudov et al., 1999). The result of the entire procedure is
shown in Figure 5. The same steps were repeated to fit
the gp10 model into the density of one of the penton cap-
somers, and only minor differences with respect to the fit-
ting of the averaged hexon capsomer were obtained (data
not shown).

Figure 5 shows two views from the fitted model. Domain
A clearly fits into the external area of the L-shaped procap-
sid subunit. The H2 and H3 helices map well into the struc-
tural features of this region, while the H1 helix of domain P
fits into the long rod of the basal domain of the subunit,
facing the interior of the capsid. The three-stranded, anti-
parallel B sheet, flanking H1, also fits nicely into the basal
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HK97 gp5 104 SLGSDADSAGSLIQPMQIPGIIMPGLRRLTIRDLLAQGRTSSNALEYVREEVETNNADVV 163
T7 gplOA 76 PGENLDDKRKDIKHTEKVITIDGLLTADVLIYDIEDAMNHYDVRSEYTSQLG...ESLAM 132
HK97 gp5 ss EEE EEE EEEEEEEEEEEE EEE
T7_gplOA_SS EEE EEEEEEEEE

*
HK97 gp5 164 A.EKALKPESDITFSKQTANVKTIAHWVQASRQVMDDAPMLQSYINNRLMYGLALKEEGQ 222
T7 gplOA 133 AADGAVLAEIAGLCNVESKYNENIEGLGTATVIETTQNKA. . .ALTDQVALGKEIIAALT 189

HK97_gp5_SS EEEEEEEEEEEEEEEEEEEEEEHHHH HHHHHHHHHHHHHHHHHHHHH

T—,"_gplOA_ss EEEEEEEEEEEEEEEEEEEEHHHHH HHHHHHHHHHHHHHH
HK97 gp5 223 LLNGDGTGDNLEGLNKVATAYDTSLNATGDTRADITIAHAIYQVTESEFSASGIVLNPRDW 282
T7 gplOA 190 KARAALT.KNYVPAADRVF.YCDP.DSYSAILAALMPNAANYAALIDPEKGSI.RNVMGE 245
HK97 gp5_ss HH HHHH EEE HHHHHHHHHHHHHH EEE HHH
T7 gplOA ss H HHHHHHHHHHH EEEE HHH
HK97 _gp5 283 HNIALLKDNEGRYIFGGPQAFTSNIMWGLPVVPT. .KAQAAGTFTVGGED.MASQVWDRM 339
T7 gplOA 246 EVVEVPHLTAGGAGTAREG.TTIG.QKHVFPANKGEGNVKVAKDNVIGLFMHRSAVGTVKL 303
HK97 gp5_ss H H EEE EEE EEE EEEE EEEEE EEEEEEE
T7 gplOA ss HHHHH EEE EEE EEEEE EEEEEEE

*
HK97 gp5 340 DATVEVSREDRDNFVKNMLTILCEERLALAHYRPTAIIKGTFSS 383
T7 gplOA 304 RDLALERARRANFQADQIIAKYAMGHGGLRPEARAGAVVFQSGVM 347
HK97mgp5_ss EEEEEEEE EEE EEEEEEEEEEEEEEEE EEEEE
TT,gPIOA,SS EEEEEEEE EEE EEEEEEEEEEEEEEEE EEEEE

Figure 3. Sequence Alignment of HK97 and T7 Capsid Proteins

HK97_gp5, bacteriophage HK97 major capsid protein gp5; T7_gp10A, bacteriophage T7 major capsid protein 10A. Alignment is shadowed according
to conservation. Secondary structure elements of the HK97 major capsid protein structure (HK97_gp5_ss) used as template (PDB: 1OHG) and the
proposed model for T7 gp10A protein (T7_gp10A_ss) are also indicated (H, a helix; E, B strand). Positions of HK97 residues Lys169 and Asn356 in-

volved in subunit crosslinking are indicated (*).

area of the L-shaped subunit. Besides minor misadjust-
ments of small loops in domain A, the main features that
are not fitted into the experimental subunit density are
the E loop and the N-terminal 100 amino acids of gp10A,
whose sequence is absent in the gp5 template.

Fitting the gp10 Model into the Isolated Pentamer
and Hexamer

In order to understand the relationships between the sub-
units building the isolated hexamer and pentamer, we per-
formed an intermediate rigid fitting step. We used the
alignment transformations resulting from the previous iter-
ative segmentation procedure for the averaged capsomer,
and we translated the atomic coordinates of the fitting into
one segmented pentamer and one segmented hexamer
(Figure 6). The model hexamer (Figure 6A) reproduces
well the main morphological features of the segmented
experimental hexamer (Figures 6C and 6E; Figure S3), in-
cluding the open channel in the center of the capsomer.
The subunits (color coded to allow for comparison with
the original segmentation shown in Figure 2) show exten-
sive lateral contacts, but they are not heavily interlaced.
These intermediate fitting results were then used to calcu-
late a difference map between the segmented, experi-
mental hexamer density and the model hexamer, trun-
cated at 10 A resolution. The areas with the largest
differences (at a level of 3 standard deviations) were found

at the lower side of the subunit, below domain P and fac-
ing the interior of the viral procapsid (Figure 6E, high-
lighted in magenta).

In the case of the pentamer, the model based on the as-
sembly of the averaged subunit also matches the experi-
mental density well, showing a more compact capsomer
assembly, except in the areas below domain P, in which
significant differences were located. Again, as in the
case of the hexamer, these areas were found facing the in-
terior of the capsid (Figures 6B, 6D, and 6F). Due to the
fact that the average volume corresponding to these dif-
ferential regions (10,000 A®%) could accommodate a protein
moiety around 83 amino acids (assuming an average den-
sity value for proteins of ~1.33 g/mol), and although this
extra density could partly accommodate the E loop, it is
tempting to suggest that this difference volume is occu-
pied by the 100 amino acids of the amino terminus of
gp10 that are also missing in template gp5 from HK97.

An interesting feature is derived from the analysis of the
electrostatic potential of our models for the hexamer and
pentamer by using Delphi (Rocchia et al., 2001, 2002).
We found that the inner face of these capsomers shows
an overall negative surface charge, both in the case of
the pentamer and the hexamer (Figure 7). A similar charge
distribution was found in the inner surface of prohead I
from HK97 (Conway et al., 2001). Even if we consider
the presence of the additional density from the
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Figure 4. Structure Model for T7 gp10A Protein

(A) Three-dimensional modeled structure for T7 major capsid protein
gp10A. Location of o helices H1, H2, and H3, the position of residues
Pro76 and Glu345 (N and C ends, respectively, of the modeled se-
quence), and the putative location of proposed A and P domains, as
well as the N-terminal arm and E loop, are indicated.

(B) Structure of HK97 major capsid protein gp5 (PDB: 10HG) used as
template for the modeling of T7 capsid protein. The position of equiv-
alent H1, H2, and H3 helices is also depicted.

experimental shell reconstruction (that we have tentatively
assigned to the amino-terminal region of gp10), the gen-
eral negative character of the capsomer inner surface is
not substantially altered (see Figure S4).

Fitting the gp10 Model into the Entire Virus Capsid
The intermediate fitting results with the pentamer and hex-
amer described above were used to build an initial model
for the entire asymmetric unit for the procapsid shell. This
model was subjected to refinement by using the icosahe-
dral symmetry option in URO (Navaza et al., 2002). For this
purpose, as the first 100 amino-terminal residues are ab-
sent in our model, we also removed the densities assigned
to these residues from the experimental density map.
Visual inspection of the refined atomic model confirmed
a good overall fitting into the density, in general avoiding
clashes between capsomers and between loops. The final
pseudo atomic model for the entire procapsid shell is
shown in Figure 8A. The crosscorrelation coefficient
(CCC) for the entire fitting of the capsid improved from
0.64 in our intermediate results to a final value of 0.67, ac-
cording to URO. These CCCs were computed on the map
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used for the fitting (that had the densities assigned to the
100 first amino acids removed). When using a mask with
the shape of the fitted densities, the so-called local cross-
correlation coefficient (LCCC) improved from 0.80 to a final
0.83 during URO refinement.

The general occupancy of the experimental data by the
pseudo atomic model is good, and the seven different
subunits building the asymmetric unit of the icosahedral
shell fill up the experimental volume evenly. Only minor dif-
ferences emerge between the model and the experimental
density map, but some of them are noteworthy. The differ-
ence map between the experimental density and our
pseudo atomic model, truncated at 10 A and thresholded
at 2 standard deviations, shows three areas around the
icosahedral three-fold axes that might be important for
the stabilization of the contacts among capsomers, lead-
ing to the stabilization of the procapsid structure (Figures
8B-8D). The area around the three-fold axis built by three
identical subunits, each from a different hexamer (Fig-
ure 8B), shows the presence of three rods of electron
density around the symmetry axis that are not explained
by our model for gp10. These rods (colored red in
Figure 8B) connect each of the three subunits with the
neighboring subunit, following a trajectory from inside
the capsid to the outside. Due to their size, shape, and po-
sition with respect to the subunit domain, it is tempting to
suggest that the E loop of each subunit fills each of the
rods (Figure 8B, dashed lines). In this way, the E loop of
each subunit would cross over domain P of its neighbor,
leading to a contact threading among the capsomers (as
a molecular swapping) in a way similar to that described
for HK97 (Wikoff et al., 2000). We have found a similar tri-
angle of E loops around the two other types of interactions
among three different subunits from different hexamers
(Figure 8C), and in the case of the hexamer-pentamer in-
teraction (Figure 8D).

DISCUSSION

The presence of acommon fold in the major capsid protein
from several unrelated bacteriophages has been sug-
gested based on structural evidence obtained by X-ray
crystallography of HK97 (Wikoff et al., 2000) and by cryo-
EM of P22 (Jiang et al., 2003), ¢29 (Morais et al., 2005),
or Epsilon15 (Jiang et al., 2006). The atomic structure of
the T4 pentavalent capsid protein gp24 has confirmed
this hypothesis (Fokine et al., 2005). In addition, the cryo-
EM reconstruction of HSV-1 capsid (Baker et al., 2005)
showed that herpes virus probably shares the basic
HK97-like architecture in the floor domain of its shell cap-
sid protein. In a similar way as the classical “jelly-roll”
B sandwich fold found in many eukaryotic viruses, the
HK97-like fold might therefore be considered as a charac-
teristic signature for another class of viruses (for reviews in
viral folds, see Chapman and Liljas, 2003; Reddy and
Johnson, 2005). Based on a structural classification of viral
capsid proteins, it has been recently proposed that all viral
lineages could be divided into three structurally related
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Domain A e .

E-Loop attach point
Domain P

Figure 5. Final Model for T7 Capsid Protein gp10A after Fitting into the Electron Density of the Average Hexon Subunit
Two different views are shown; the density threshold is at ~2 standard deviations. The E loop is omitted, as no hints for the corresponding density are

observed in the average.

major groups spanning all life domains, PRD-like, BTV-
like, and HK97-like groups (Bamford et al., 2005).

In this study, we have obtained a cryo-EM reconstruc-
tion of the T7 procapsid shell at ~10 A resolution. Initial,
manual segmentation of the individual procapsid subunits
from this map was improved by a novel procedure, in
which all independent subunits were iteratively aligned
with respect to their average density, and inspection of
the aligned subunits served to improve the segmentation.
The resulting average density for the segmented subunits
showed a high similarity to the atomic model of HK97 gp5
(Wikoff et al., 2000), which prompted us to employ homol-
ogy modeling and subsequent fitting of the resulting
atomic model in the cryo-EM density. In this way, we ob-
tained a quasi-atomic model for the T7 procapsid shell.

The homology model for gp10A comprises the A and P
domains that form the compact core of the HK97-like fold.
The good fit of this quasi-atomic model with the cryo-EM
density (Figure 5) is an indication of the quality of the ho-
mology modeling performed. A comparison of this model
with the HK97 template structure reveals a high similarity
in the overall architecture of these proteins, with highly
conserved relative positions of the A and P domains.
Two relatively flexible domains of HK97 are absent in the
homology model: the E loop and the N-terminal domain.
In HK97, the E loop forms an extended two-stranded
B sheet, while the N-terminal domain has very little homol-
ogy with that of T7 gp10. Still, we were able to infer the
possible location of the N-terminal domain and the orien-
tation of the E loop from difference maps between the
cryo-EM density and the quasi-atomic model. The 100
residues of the gp10A N-terminal domain were putatively
assigned to the electron density region on the inner side of

the shell (Figure 6), and the E loops were assigned to fill
rods of difference density in a triangular arrangement
that was observed for three independent capsomeric in-
terfaces (Figure 8).

Although the T7 shell protein gp10 is mainly produced
as a 345 amino acid form (gp10A), 10% of gp10 (called
gp10B) has a C-terminal extension of 52 amino acids,
which are the product of a readthrough of the gp10
gene. Nevertheless, the absence of gp10 frame shifting
results in capsids that are entirely built by gp10A, which
are as stable as wild-type capsids (Condron et al.,
1991). On the other hand, as no information on the topo-
logical distribution of gp10B is available, we have tried
to locate this protein by difference imaging between the
quasi-atomic icosahedral model as obtained in this study
and the previously determined nonicosahedral recon-
structions of T7 procapsids (EMD-1161 and EMD-1162;
see Agirrezabala et al., 2005). Unfortunately, no major dif-
ferences that would hint at the localization of gp10B were
found, probably due to the limited resolution of the nonico-
sahedral maps (data not shown).

The proposed intersubunit interactions in the quasi-
atomic T7 procapsid model are very similar to those re-
ported for the quasi-atomic model of HK97 procapsid I
(Wikoff et al., 2000). In particular, the molecular interac-
tions around the (quasi) three-fold symmetry axes show
striking similarities (Figure 8). The interaction between
the P domain of one subunit and the E loop of the neigh-
boring one in T7 leads to an interlocking of the subunits.
In the case of HK97, the topology of the interaction is sim-
ilar, although, in this case, after shell maturation it is further
secured by a chemical crosslink between Asn356 of the P
domain and Lys169 in the neighboring E loop (Wikoff et al.,
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Figure 6. Intermediate Models for the
Hexon and Penton

(A) Hexon structure in simplified ribbon repre-
sentation. Each monomer is shown in a differ-
ent color, with the same code as in Figure 2.
(B) Penton structure in simplified ribbon repre-
sentation. All monomers are shown in orange.
(C) Top view of the hexon structure fitted into
the electron density. The density threshold is
selected to represent 100% of the hexon mass.
(D) Same figure as (C), but for the penton.

(E) Front segmented view of the hexon struc-
ture fitted into the electron density. Clear
masses attributable to the amino-terminal do-
main of gp10A can be observed at the inner
side of the difference map (3 standard devia-
tions, magenta).

(F) Same figure as (E), but for the penton.

2000). While the noncovalent interlocking of subunits
seems to suffice in T7, the slight destabilization induced
by the capsid expansion during maturation in HK97 re-
quires a compensation thorough the covalent crosslinking
of domain P and the E loop (Ross et al., 2005).

Also, the distribution of the charges on the surface of the
subunits is equivalent, with a clear, net negative, electro-
static potential in the inner capsid surface (Figure 7).

This potential would result in an electrostatic repulsion of
the negatively charged DNA during the packaging pro-
cess. This pressure, in equilibrium with bending forces
(Tzlil et al., 2003), may result in the experimentally ob-
served spool arrangement of the packaged DNA (Cerritelli
et al., 1997; Agirrezabala et al., 2005).

The generic maturation pathway of most of the tailed
dsDNA bacteriophages, as well as herpes virus, shows

Figure 7. Internal Surface Potential

(A) Bottom view of the hexon surface (view
from inside the capsid) showing an overall neg-
ative electrostatic potential.

(B) Same figure as (A), but for the penton.
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Figure 8. Final Model for the Arrangement of Protein gp10A into the Entire T7 Procapsid
(A) Entire shell representation, obtained after refining the fitting of models in Figure 6 imposing icosahedral symmetry. Each monomer is shown in

a different color, with the same code as in Figures 2 and 6.

(B) Detail of the pseudo three-fold axis involving three identical monomers of type 2. The difference map at 2 standard deviations is shown in solid

gray, and the masses attributed to E loops are colored red.

(C) Detail of the pseudo three-fold axis, involving monomers of types 1, 3, and 6. The masses of the E loops (colored in red) are also clearly visible.
(D) Detail of a third pseudo three-fold axis involving monomers of types 4 and 5 of the hexon and one from the penton. The masses of the E loops are
also clearly visible. The E loop segment from each model subunit has been shown schematically as a dotted hairpin colored according to the type of
subunit. The superposition of the schematic E loop and the corresponding masses derived from the experimental data (colored in red) are consistent

in the three types of pseudo three-fold axes.

extensive homologies. Nevertheless, there are important
differences between bacteriophage HK97 and the rest of
the phages. In addition to the presence of the crosslink-
ing-stabilizing mechanism (Ross et al., 2005), another im-
portant difference is the absence of a scaffolding protein
in the HK97 system. It has been proposed that the proteo-
lyzed N-terminal 103 amino acids (a proteolytic event that
takes place during the Pl-to-Pll prohead transition) might
play this role during the initial stages of the shell assembly
of phage HK97 (Conway et al., 1995). Phages T7, P22, or
¢29, as the majority of the phages, present an indepen-
dent scaffolding protein, essential for the correct assem-
bly of the proheads (for a review, see Dokland, 1999). In
many cases, including phage T7, the gene coding for
this protein is located upstream of the capsid protein
gene. Several reports have suggested the existence of
a common motif between the N-terminal 33 amino acids
of the ¢29 scaffolding protein (gp7) (Morais et al., 2003)
and the C-terminal coat protein-binding domain of the
phage P22 scaffolding protein (Sun et al., 2000). It is note-
worthy that the alignment of the A domain 103 residues of
HK97 gp5 with the sequence of the T7 scaffolding protein
shows a high homology profile, a homology extending to
other scaffolding proteins from other phages, such as
gp7 from ¢29, gp7 from phage B103, and the capsid as-
sembly protein from phage ¢$A1122 (see Figure S5). A con-

spicuous coiled-coil structure, a dimer comprising two
long o helices coiled with two smaller ones, appears to
be a common structural motif in all of these scaffolding
proteins, supporting this presumptive role of the A domain
in the immature HK97 gp5.

The presence of two independent proteins for the coop-
erative construction of virus shells is a clear evolutionary
advantage, offering improved flexibility and control (Ste-
ven et al., 2005). On the other hand, it requires specific do-
mains to interact with each other. Comparison of several
major shell proteins from other phages with the HK97 cap-
sid protein gp5 has served to locate the additional density
that accounts for the residues that are not present in the
smaller HK97 protein (containing 281 amino acids). For
bacteriophage P22 gp5 (429 amino acids) and phage
¢29 gp8 (448 amino acids) for example, this additional
density, whose role is still unclear, was shown to be lo-
cated at the external face of the viral shell, just above
the equivalent to the HK97 E loop (Jiang et al., 2003; Mor-
ais et al., 2005). However, in the case of T7, we observe
additional density that could accommodate the N-termi-
nal 100 residues of gp10A at the inner surface of the pro-
capsid. The fact that the phage T7 internal additional do-
main (the major difference between T7 and HK97 shell
proteins) is located in the same place at which the A do-
main is placed in HK97 procapsid | (Conway et al., 1995)
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suggests that the T7 extra domain could be involved in the
interaction with the scaffolding lattice extensions during
virus assembly. Also, in the case of P22, an additional den-
sity is located in a similar position as that in T7 (Jiang et al.,
2003). This density corresponds to a long helix (HO) pres-
ent in the procapsid that was not seen in the mature
phage. This possible refolding event indicated that this re-
gion could no longer be required in the mature virus, and it
was proposed that it could somehow be involved in some
step of shell stabilization. We suggest that the T7 addi-
tional domain (comprising the N-terminal 100 residues)
could be equivalent to the P22 procapsid helix HO region.
A possible mechanism for the maturation transitions could
be that, as long as the additional internal domain is placed
in the inner part of the shell and is connected to the main
scaffolding lattice, it might act as a stabilizing link prevent-
ing the premature rearrangement of the subunit to its ma-
ture state. Once the DNA-packaging mechanism would be
activated, the following disassembly of the scaffolding lat-
tice would disrupt all of the connections between both
structures and induce the structural rearrangements of
the capsid protein that lead to the mature virion, together
with a release of the scaffolding protein subunits by a hith-
erto unknown mechanism.

The model proposed here for the T7 procapsid shell in-
volves a number of precise interactions between different
domains of the shell subunits. Although the definition of
the detailed residues involved in such interactions will de-
pend upon the generation of higher-resolution models,
there are several aspects that can be tested in the near fu-
ture. The predicted role of the interaction of the E loop and
the P domain in the stabilization of the shell can be ana-
lyzed by testing the effect of gp10A mutants with partially
truncated E loops on particle stability by using different
biophysical approaches (scanning calorimetry, force mi-
croscopy, etc. [Galisteo and King, 1993; Ivanovska
et al., 2004; Ross et al., 2005]). Also, further studies involv-
ing higher-resolution cryo-EM analysis of different viral
structures, including the mature T7 virion, and mainly the
production of corresponding atomic structures, will be re-
quired to get a more detailed picture of how the viral mat-
uration process occurs at the molecular level.

EXPERIMENTAL PROCEDURES

Sample Preparation

Type | procapsids were purified from E. coli lysates of BL21 cells in-
fected with a mutant in the viral DNA polymerase (gp5) as previously
described (Agirrezabala et al., 2005).

Electron Microscopy and Image Processing

The experimental approach for image acquisition and processing has
been previously described (Agirrezabala et al., 2005). Briefly, low-dose
images of purified procapsids were taken on an FEI TecnaiG? FEG200
electron cryo-microscope at 200 kV by using a nominal magnification
of 50,000 %. The selected micrographs were scanned with a step size
of 14 um on a Zeiss scanner (Photoscan TD,Z/l Imaging Corporation).
The final pixel size corresponds to 2.72 A/pixel. Atotal of 4460 particles
were used and preprocessed to normalize mean intensities and vari-
ances and to remove linear background gradients. The three-dimen-
sional projection alignment procedure (real space projection matching)
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with correction of the contrast transfer function (CTF) in defocus
groups, varying the defocus of the selected images from 1 to 3 um,
was used. The enhancement of the high-resolution Fourier amplitudes
was done by using X-ray data from HK97 capsid protein (PDB: 10HG)
(Helgstrand et al., 2003). Refinement convergence was deemed to be
reached when >95% of the experimental images most closely resem-
bled the same reference projection as they had in the previous step.
The previously presented icosahedral reconstruction of the procapsid
(Agirrezabala et al., 2005) at low resolution (20 A) was used as the initial
three-dimensional reference. The final resolution of the reconstructed
procapsid was 9.8 Aand 10.9 A, determined by the FSC 0.3 and 0.5
criterions, respectively (see Figure S1). The hand of the volume was as-
sumed to be the same as that defined for previously presented vol-
umes (Cerritelli et al., 2003). Data processing was performed by using
the SPIDER image-processing system (Frank et al., 1996). The volume
has been deposited in the 3D-EM database with accession code EMD-
1321.

Segmentation and Structural Analysis

The first step in the segmentation of the individual subunits was the
isolation of the hexamers and the pentamers from the original volume
by using spherical masks generated and applied with Xmipp tools
(Sorzano et al., 2004). The molecular envelopes of individual subunits
were then determined by visual inspection of the density displayed at
different o levels (described in Morais et al., 2005; Supplemental Data).
The Amira Segmentation Editor (http://amira.zib.de) was used for the
manual isolation of the different subunits. The segmented envelopes
were then converted into masks by using raised cosine edges to gen-
erate soft transitions between subunits, and they were applied to the
original complete volume by using Xmipp tools, which isolated the dif-
ferent subunits for further improvement as described in Figure S2 and
the corresponding legend.

Amino Acid Sequence Alignment and Molecular Modeling
Homologous sequences to T7 gp10A in protein databases were ob-
tained by using Blast (Altschul et al., 1990). Members of the T3/T7
and HK97 families were aligned with ClustalW (Thompson et al.,
1994) and T-COFFEE algorithms (Notredame et al., 2000). The struc-
tural model for capsid protein gp10A of T7 virus (SwissProt code:
VC10A_BPT7-P19726) was built by using homology modeling proce-
dures based on multiple structure-based amino acid sequence align-
ments of capsid proteins of viruses belonging to HK97 and T3/T7
groups and the crystallographic coordinates of HK97 major capsid
protein gp5 (Protein Data Bank [PDB] entry: 10HG) (Helgstrand
et al., 2003). For the fitting, the T7 gp10A domains were considered
as follows: A domain (residues 202-295, 337-345), P domain (residues
100-117, 152-201, 296-336), and E loop (residues 118-151). The
three-dimensional model was built by using the SWISS-MODEL server
(Guex and Peitsch, 1997; Peitsch, 1996; Schwede et al., 2003) facilities
at http://www.expasy.ch/swissmod/SWISS-MODEL.html, and their
structural quality was checked by using the WHAT-CHECK routines
(Hooft et al., 1996) from the WHAT IF program (Vriend, 1990) from
the same server. Finally, in order to optimize geometry, release local
constraints, and correct possible bad contacts, the modeled structure
was energy minimized with the implementation of the GROMOS 43B1
force field in the program DeepView (Guex and Peitsch, 1997), by using
500 steps of steepest descent minimization, followed by 500 steps of
conjugate-gradient minimization.

Supplemental Data
Supplemental Data as described in the text, including five figures, are
available at http://www.structure.org/cgi/content/full/15/4/461/DC1/.
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